pinocytosis and podosome disassembly remains to be determined. We did not observe major effects on the activation state of Rac or Cdc42 ( fig. S6 ), so it seems likely that additional regulators of actin dynamics are targeted by the MAP kinases. Inhibition of both ERK and p38 kinases was required to fully block TLR-triggered effects on actin, which suggests that key downstream substrates can be activated by either pathway or that distinct ERK and p38 substrates deliver the effects observed. Because podosomes are continually turning over their actin content, consumption of the available actin pool and/or associated cofactors after a primary stimulation of actin-dependent endocytosis might indirectly result in podosome disassembly. Alternatively, separate signals may drive enhanced ruffling/pinocytosis and podosome disassembly in DCs, which may nonetheless be interdependent through a finite actin pool. Primordial ovarian follicles in mice form when somatic cells surround individual oocytes. We show that lack of Nobox, an oocyte-specific homeobox gene, accelerates postnatal oocyte loss and abolishes the transition from primordial to growing follicles in mice. Follicles are replaced by fibrous tissue in female mice lacking Nobox in a manner similar to nonsyndromic ovarian failure in women. Genes preferentially expressed in oocytes, including Oct4 and Gdf9, are down-regulated in Nobox Ϫ/Ϫ mice, whereas ubiquitous genes such as Bmp4, Kit, and Bax remain unaffected. Therefore, Nobox is critical for specifying an oocyte-restricted gene expression pattern essential for postnatal follicle development.
Follicle formation in mice begins perinatally when germ cell cysts are invaded by pregranulosa cells to establish individual primordial follicles (1). As females age, primordial follicles are recruited from the resting pool to begin a growth phase. This transition from primordial to growing follicles is poorly defined at the molecular level. One hallmark of primordial follicle activation is growth of the oocyte, which, although still arrested in the first meiotic prophase, is transcriptionally active (2) . Growing oocytes transcribe genes important for folliculogenesis (e.g., Gdf9, Bmp15, Zp1-3) (3) as well as those necessary for early embryonic development (e.g., Mater, Zar1) (4, 5 ) . Figla is a known oocyte-specific regulator of zona pellucida genes (6); however, the transcriptional control of the vast majority of oocyte-specific genes is poorly understood. Because stagespecific expression of these genes is necessary for proper oocyte growth and subsequent embryogenesis, transcription factors that regulate oocyte gene expression will be key mediators of fertility.
Nobox is an oocyte-specific homeobox gene expressed in germ cell cysts and in primordial and growing oocytes (7) . To test whether Nobox is critical in folliculogenesis, we disrupted the Nobox locus in embryonic stem cells. We deleted 90% of the coding region, including exons that encode the homeodomain ( fig. S1 ) (8) . Female and male heterozygote matings produced expected Mendelian ratios, averaged 7.4 Ϯ 2 pups per litter (n ϭ 50 breeding pairs) over a 6-month period, and remained fertile for at least 9 months; the litter size was not statistically significantly different from the wild-type average (8.4 Ϯ 2 pups per litter). Heterozygous (Nobox ϩ/Ϫ ) and homozygous (Nobox Ϫ/Ϫ ) males were fertile and lacked gross anatomic abnormalities. Similarly, Nobox ϩ/Ϫ females had normal gross anatomy and histology at 6 weeks of age ( fig. S2, A and B) . In contrast, all Nobox Ϫ/Ϫ females were infertile with atrophic ovaries that lacked oocytes at 6 weeks of age on the C57BL/6J/129S6/SvEv hybrid background (fig. S2, A and C).
Nobox ϩ/Ϫ and Nobox Ϫ/Ϫ ovarian histology during early postnatal folliculogenesis (newborn to 14 days) was examined with the 1 Departments of Obstetrics and Gynecology, 2 Pathology, 3 Molecular and Human Genetics, and 4 Molecular and Cellular Biology, Baylor College of Medicine, Houston, TX 77030, USA.
*To whom correspondence should be addressed. Email: rajkovic@bcm.tmc.edu use of two germ cell markers, GCNA1 and MSY2 (Fig. 1) . GCNA1 (germ cell nuclear antigen) is a nuclear marker for the germ cell lineage until the meiosis I diplotene/dictyate stage (9) . MSY2 (germ cell-specific Y box protein) is a cytoplasmic marker for diplotene oocytes and persists in dictyate stages (10, 11) . Newborn ovaries from Nobox ϩ/Ϫ and Nobox Ϫ/Ϫ mice stained with antibody to GCNA1 revealed germ cell cysts and primordial follicles (Fig. 1, A and B (Fig. 1C) . In contrast, Nobox Ϫ/Ϫ ovaries contained more oocytes clustered in germ cell cysts and as primordial follicles (Fig. 1D ). Secondary follicles (two layers of granulosa cells and oocyte diameters between 20 and 70 m) were apparent by postnatal day 7 in the Nobox ϩ/Ϫ mice stained with antibody to GCNA1 (Fig. 1E) , but none were found in Nobox Ϫ/Ϫ ovary (Fig. 1F) . Some follicles in Nobox Ϫ/Ϫ mice contained oocytes surrounded by cuboidal granulosa cells, but the oocyte size rarely exceeded 20 m and the number of surrounding granulosa cells in a section was rarely greater than 7. Histomorphometric studies showed that Nobox Ϫ/Ϫ ovaries at day 7 had more oocytes in germ cell cysts, fewer primordial follicles, very few oocytes surrounded by cuboidal granulosa cells (primary follicles), and no secondary follicles ( fig. S3, C and  D) . The loss of oocytes continued, such that by day 14, very few oocytes were visualized and most of them were degenerating (Fig. 1, G and H) , and histomorphometric analysis revealed a greater loss of oocytes in Nobox Ϫ/Ϫ relative to Nobox ϩ/Ϫ ovaries ( fig. S3, E and F) . Thus, although Nobox Ϫ/Ϫ ovaries are grossly normal at birth, a lack of Nobox inhibits the majority of oocyte and follicle growth beyond the primordial follicle stage and accelerates the loss of oocytes such that by 14 days postpartum, few remain.
Perturbations in meiosis and apoptosis can lead to the accelerated loss of oocytes (12) . However, the presence of GCNA1 and MSY2 antigens in Nobox Ϫ/Ϫ mice argues that null oocytes can progress through prophase of meiosis I (Fig. 1) . Additionally, the meiotic genes Mlh1 and Msh5 (12, 13) were also expressed in the Nobox Ϫ/Ϫ ovary ( fig. S4 ). Terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end labeling (TUNEL) revealed no differences in apoptosis between Nobox ϩ/Ϫ and Nobox Ϫ/Ϫ ovaries at 3 and 7 (14, 15) . This is likely not the mechanism for follicle arrest in Nobox Ϫ/Ϫ ovaries, because Kitl and its receptor Kit were expressed in Nobox Ϫ/Ϫ newborn ovaries (figs. S4 and S6). Numerous other genes implicated in early folliculogenesis were also expressed, such as growth and secreted factors Fgf2, Bmp4, and Wnt4 and transcription factors Gcnf and Foxo3a ( fig. S4) . All of these genes were expressed in both Nobox ϩ/Ϫ and Nobox Ϫ/Ϫ newborn ovaries. The common feature of all the above genes is that their expression is not limited to oocytes. Because Nobox is expressed exclusively in oocytes, we hypothesized that Nobox regulates oocyte-specific genes. Therefore, transcripts corresponding to genes preferentially expressed in oocytes were tested for expression in newborn null ovaries. Figla, Mater, Zp1, Zp2, and Zp3 were expressed in Nobox Ϫ/Ϫ newborn ovaries ( Fig. 2A) . However, the transcripts corresponding to Mos, Oct4, Rfpl4, Fgf8, Zar1, Dnmt1o, Gdf9, Bmp15, and H1oo were down-regulated in Nobox Ϫ/Ϫ newborn ovaries (Fig. 2A) ; these findings suggest that Nobox either directly or indirectly regulates a subset of genes preferentially expressed in postnatal oocytes, some of which have been shown to play essential roles in oogenesis.
We studied whether Nobox expression precedes the expression of genes that it appears to regulate. The expression of Nobox transcripts was first detected at embryonic day 15.5, and the protein is abundantly expressed in germ cell cysts, primordial follicles, and later follicle stages (Fig. 2, B to D) . Gdf9 transcripts were first detected in newborn ovaries (Fig. 2B) , and in situ hybridization showed that Gdf9 transcripts localized faintly to germ cell cysts and primordial oocytes located in the medulla of the ovary (Fig.  3B) (fig. S7B) . Nobox was abundantly expressed in the cortex of the ovary, where germ cell cysts reside, as well as in the medulla, where the Gdf9-positive primordial oocytes are located (Fig. 3A) (fig. S7A) . Rfpl4 expression was similar to that of Gdf9 (Fig. 3C) (fig. S7C ). Oct4 is known to be expressed early in the development of the germ cell, but its transcription ceased after embryonic day 14 and reappeared in oocytes after birth (Fig. 2B) (16) . Nobox RNA and protein expression preceded the reappearance of the expression of Oct4 at the newborn stage (Fig. 2, B and C) . Thus, the spatiotemporal pattern of Nobox expression precedes the expression of Oct4, Gdf9, and Rfpl4, consistent with the regulation of Oct4, Gdf9, and Rfpl4 by Nobox.
Gdf9/Bmp15 double mutants arrest in early folliculogenesis with oocytes that reach more than 70 m in diameter (3). Because both Gdf9 and Bmp15 were drastically downregulated in Nobox Ϫ/Ϫ newborn ovaries, part of the phenotype observed in Nobox Ϫ/Ϫ ovaries is likely due to the lack of Gdf9 and Bmp15. However, because these mutations do not phenocopy each other, one or more additional mechanisms must operate. The function of Oct4, Fgf8, Rfpl4, and H1oo in early folliculogenesis is unknown, but it is possible that a combinatorial derangement in the function of these genes, or another oocyte-expressed gene(s), causes the observed phenotype in ovaries that lack Nobox. In addition, NOBOX affected the transcription of Zar1 and Dnmt1o, two critical early embryogenesis genes ( Fig. 2A) (5) . Thus, Nobox likely functions near the top of a signaling cascade that regulates genes necessary for oocyte and early embryo development.
The transition from primordial to growing follicles is important in regulating the size of the primordial follicle pool, reproductive lifespan, and fertility. Our results indicate that Nobox is an oocyte-specific homeobox gene that plays a crucial role in early folliculogenesis. Nobox Ϫ/Ϫ mice will help us to understand which genes are important in follicular growth as well as in oocyte death. Ultimately, Nobox (and the oocyte-specific genes that it regulates and with which it interacts) may allow us to understand nonsyndromic ovarian failure, achieve genetic control of mammalian reproductive life-span, and improve our ability to regulate fertility and generate mature eggs in vitro. D) and Nobox Ϫ/Ϫ ovaries (E to H) were hybridized to antisense Nobox, Gdf9, Rfpl4, and AW554400 riboprobes. Dark-field views are shown; corresponding bright-field panels are shown in fig. S7 . AW554400, an expressed sequence tag that is expressed in Nobox ϩ/Ϫ and Nobox Ϫ/Ϫ ovaries, served as a control for hybridization. GC, germ cell cysts; PF, primordial follicle.
